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A Study on the Degradation Behavior of Polyphenolic Cyanate Esters 
Vivek V Marella 
Advisor: Dr. Giuseppe R. Palmese 
 
 
 
 
High temperature organic polymers have been described as polymers that retain 
useful properties after thousands of hours of exposure at 300°C in air under static conditions. 
Cyanate esters fall within this class of polymers. They offer properties such as good fracture 
toughness, excellent adhesion, low shrinkage, excellent dielectric properties, low dissipation 
factor and low moisture uptake: 1 – 3 % in boiling water (but found to be 5% in our work). 
However, such polymers suffer from poor resistance to hydrolytic degradation. Although 
much work has been reported concerning the cure and mechanical behavioral characteristics 
of these polymers, there are fewer reports of work that aims to understand their degradation 
behavior. In this study a detailed understanding of degradation by hydrolysis was sought by 
measuring fractional increase in weight and chemical changes using near infrared (NIR) 
spectroscopy. Evidence of the degradation reaction being a chain scission event was also 
obtained based on the analysis of dynamic mechanical behavior following exposure to 
controlled humidity and temperature environments. The experimental techniques developed 
in this work were found to be a reliable and reproducible method to characterize the 
hydrolysis reaction.  
The principal goals of this project were to determine the kinetics of hydrolysis and to 
evaluate associated changes in mechanical properties. Two methods were developed to 
determine the fractional conversion of hydrolysable bonds. Based on these values a kinetic 
rate expression was obtained. The fractional conversions of hydrolysable bonds when 
 xvi
compared to the resulting Tg did not show a linear relationship as assumed by other 
researchers.  Moreover it was found that unlike other reports, Tg could not be recovered by 
drying after several hundred hours hot-wet conditioning.  The diffusivity of water in the 
polymer network was also measured and the characteristic times for reaction and diffusion 
were compared for the sample geometry investigated. Very low values of Damkohler number 
were obtained suggesting that the hydrolysis process for the specimens studied was reaction 
controlled. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Background  
 The demand for advanced, high performance and high temperature resistant 
polymers is on the rise for use in the rapidly evolving aerospace industry. Cyanate esters 
form a family of thermosetting resins whose performance characteristics make them 
attractive competitors to many current commercial polymer materials for such 
applications [1]. The term ‘cyanate ester resin’ is used to describe both prepolymers and 
cured resins; the former containing reactive ring-forming cyanate (-OCN) functional 
groups. Chemically this family of thermosetting monomers and their prepolymers are 
esters of bisphenols and cyanic acid [2]. They are formed in excellent yields by the 
reaction of corresponding phenols with cyanogen halide. Upon heat treatment, these 
resins undergo a polycyclotrimerization reaction that can be aided by the use of a catalyst 
to form a highly crosslinked network with the cyanurate ring at the crosslink junction [1, 
2, 4, 5]. 
 Cyanate esters based on bisphenols in general exhibit advantageous properties 
such as high Tg (260 – 290°C), good fracture toughness, excellent adhesion, low 
shrinkage, good electrical properties and low moisture uptake: 1 – 3 % in boiling water 
[1]. Their excellent dielectric properties render them the material of choice in radome 
applications. They are used as replacements for aluminum, beryllium and titanium metals 
in high precision detectors [1]. Their excellent metal adhesion properties make them a 
promising substitute for epoxies in the microelectronics industry. In the late 1970’s 
however, Mica Corporation reported the “blowing apart” of multilayer boards when
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 subjected to hot solder temperatures [6]. Tests showed that these boards failed when 
stored in humid conditions and subjected to high temperatures; the moisture vaporized 
and expanded the multilayer boards. Although cyanate esters absorb less moisture than 
do epoxies, the blister time for moisture-conditioned CE boards is less than that of epoxy 
boards [7]. The reason for this blistering has been attributed to the hydrolysis of the 
network. Nonetheless, limited studies have been conducted concerning the hydrolytic 
degradation behavior cyanate esters. Thus in this study , the kinetics of cyanate ester 
hydrolysis were investigated by weight gain studies and by fourier transform near-
infrared (FTIR) spectroscopy. Moreover changes in the chemistry of the system were 
linked to variations in Tg by using dynamic mechanical analysis.  
 In this study cyanate esters of poly phenols formed by the thermal 
cyclotrimerization of cyanate ester of novolac were used [8]. They have very high Tg’s (~ 
400°C) due to a highly crosslinked structure and possess better thermo-oxidative stability 
and char yield than bisphenol cyanate esters [1]. The thermal behavior of these polymers 
in both air and inert atmospheres demonstrates their thermo-oxidative stability. PT resins 
are used as one of the components in the formulation for rocket nozzle applications [9].   
 
1.2 Previous studies and research goals 
 Many reports discuss the thermal stability of cyanate esters and their blends in the 
absence of moisture, but there has not been significant investigation of the mechanisms of 
degradation by hydrolysis of cyanate ester. This could also be a reason that in spite of
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 cyanate esters’ highly promising material characteristics for the aerospace and 
electronics industry; its usage is still limited. Studies on the moisture uptake and 
hydrolysis have been conducted previously by Shimp et al., Macosko et al., Arnold et al. 
and Lin et al. [3,7,10,11].  
Shimp et al. reported that when cyanate esters are subjected to harsh 
environmental conditions they undergo plasticization and that the plasticization is 
reversible over extended periods of highly accelerated moisture conditioning. They also 
mentioned that the cyanate ester linkage is very resistant to hydrolysis, withstanding 
hundreds of hours of immersion in boiling water [10]. Work performed by Arnold et al. 
reported similar findings [11]. These researchers indicated that hydrolysis does not occur 
at the cross-link junctions of the network. Yet the degree to which the “plasticizing” 
effect was found to be irreversible by either research team was not reported. 
Macosko’s work in this area finds that cyanate esters undergo significant 
hydrolysis in the presence of moisture [7]. He proposed a mechanism for the hydrolysis 
reaction and derived the reaction kinetics based on the assumption that, the concentration 
of imidocarbonic ester bond is directly proportional to the Tg of the polymer network. Lin 
et al. reported that swelling of polymer samples occurred until they were saturated with 
water and swelling stopped unless hydrolysis occurred [3]. Reverse reaction of 
trimerization of isocyanate groups was proposed as the hydrolysis reaction and this was 
supported by the appearance of carbonyl groups at 1714 cm-1 after exposure to moisture 
at elevated temperatures for extended periods of time. 
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The primary goal of this research was to determine the hydrolysis kinetics of PT 
resins. This was achieved by determining the fractional conversion of hydrolysable bonds 
as a function of exposure time at specific conditions using weight gain and FT-NIR 
studies. These methods were used to compute rates of reaction and water diffusivity 
values necessary for a complete kinetic analysis. A second goal was to relate changes in 
material properties of the resin to the hydrolytic degradation. In particular the relationship 
between extent of degradation and Tg as measured by Dynamic Mechanical Analysis 
(DMA) was sought.     
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CHAPTER 2: EXPERIMENTAL PROCEDURE 
 
2.1 Introduction 
This chapter describes the experimental procedure used in this work. Section 
2.2.1 discusses the materials employed and their suppliers. Section 2.2.2 reviews the 
procedure used to cure the polymers and some of the challenges faced during curing. 
Sample preparation is also discussed in this section. Section 2.2.3 describes the 
procedures employed for studying the hydrolysis of these polymers. So, methods for 
monitoring changes in (1) weight, (2) composition, and (3) thermomechanical behavior 
are discussed. Lastly, Sections 2.2.4 and 2.2.5 provide details of the instruments used for 
Fourier Transform Near Infrared Spectroscopy (FT-NIR) and Dynamic Mechanical 
Analysis (DMA) in this study. 
 
2.2 Experimental 
2.2.1 Materials 
 Oligo(3-methylene-1,5-phenylenecyanate) or PRIMASET® PT-30 cyanate ester 
was obtained from Lonza, Inc. and was used as received. Copper (II) naphthenate, 6% by 
weight of metal, was obtained from Shepherd Chemical Company and 95% Dibutyl tin 
dilaurate (DBTDL) was purchased from Aldrich Chemicals. Figure 2.1 shows the 
chemical structures of these materials. 
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            Oligo(3-methylene-1,5-phenylenecyanate) or PRIMASET® PT-30 
Figure 2.1: Chemical structures of materials used in water uptake study 
 
2.2.2 Curing and Preparation of samples  
 The monomer received is a yellow colored highly viscous liquid (392 MPa.s at 
80°C) and does not flow at room temperatures. Before preparing polymer blocks of the 
resin, the monomer was placed in the oven at 60°C for 30 minutes or until flow eas 
observed. Blends of monomer and catalyst at varying concentrations were prepared in 
100 ml glass containers and placed in the oven at 100°C. At constant intervals of time, 
the resin and catalyst mixture was stirred with a glass rod to disperse the catalyst 
homogeneously. The metal concentration of catalyst is reported here in parts per million 
(ppm). Once a homogeneous mixture was obtained it was poured into a rectangular mold 
2.5 × 7 × 8.8 cm and processed in an oven according to the cure conditions given in 
Table 2.1. 
O CN
CH2
O CNO CN
CH2
n
 
= 1 
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Table 2.1 Cure conditions for PRIMASET® PT-30 samples for water uptake 
Catalyst 
amount Cure condition 
150 ppm Cu2+ 105°C (16 hours) or until gelled + 130°C (2 hours) + 220°C (4 hours) 
300 ppm Cu2+ 105°C (10 hours) or until gelled + 130°C (2 hours) + 220°C (4 hours) 
600 ppm Cu2+ 105°C (5 hours) or until gelled + 130°C (2 hours) + 220°C (4 hours) 
562.5 ppm Sn2+ 105°C (21 hours) or until gelled +130°C (2 hours) + 220°C (4 hours) 
No catalyst 180°C (25 hours) + 220°C (4 hours) 
 
Cyanate ester blocks were post-cured at 350°C for 1 hour. The cure schedule given in 
Table 2.1 was used to avoid uncontrolled exotherms.  
Curing at elevated temperatures results in the cyclotrimerization of monomer 
molecules to form a three-dimensional network of oxygen linked cyanurate (or triazine 
ring). A scheme for the polymerization of cyanates is shown in Figure 2.2. The 
polymerization cure reaction is itself an exothermic reaction. Before establishing the 
proper cure schedule, problems were encountered with burning during cure because of 
the highly exothermic nature of the reaction; hence a lot of care should be taken while 
curing relatively thick sections of this material. One should ensure that a gel is obtained 
at 105°C before raising the temperature. It was observed that burning and charring would 
ensue if the temperature was raised before the gel state was reached. 
After post-curing, the polymers were left in the furnace to cool and then placed in 
a desiccator to limit moisture exposure. The cyanate ester blocks were cut and sanded to 
samples of a uniform 1.5 mm thickness and a nominal width and length of 9.5 mm and 25 
mm respectively. 
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Figure 2.2: Scheme for the formation of triazine ring from cyanate ester monomer 
Catalyst 
O CN
CH2
O CNO CN
CH2
n
 
= 1 
O N
NN
O
CH2
O
N N
NC
H2
O
N
N
N
O
O
OO
C
H2
O
N
N
N
C
H2
O O
O
N N
N
O
O
O
C
H2
O N
NN
O
O
C
H2
O
NN
N
O
O
 9
2.2.3 Water uptake studies 
 Water uptake studies were conducted on each of the 1.5 mm thick samples. At 
least six samples of each polymer resin block were prepared and used for the study. The 
setup consisted of a 3 neck round bottom flask with a condenser and a thermometer 
placed on a heating mantle. The condenser was used to minimize the loss of water from 
the system. The flask was then half filled with distilled water. The heating mantle was set 
in such a way that the water begins to boil in the flask. The samples were then immersed 
in boiling water and taken out at regular intervals of time to check for weight changes and 
composition changes using FTIR. The frequency of measurement was high for the first 
48 hours and was then slowly reduced to once every 24 hours. Once the samples were 
taken out of the flask, they were dried using soft tissue paper and their weights measured. 
After weighing, a near IR spectrum of each sample was recorded using a Nicolet Nexus 
670 FTIR spectrometer. The samples were placed back in the flask after their 
measurement. After a period of one week, one of the samples was taken out and dried in 
the oven at 100°C for 120 hours. Samples were removed once every week and their 
measurements noted. FTIR spectra were recorded to obtain information regarding the 
diffusion of water and the formation of –OH bonds due to hydrolysis and dynamic 
mechanical analysis (DMA) was used to monitor the changes in mechanical properties 
(which can be determined by monitoring change in Tg) resulting from the degradation 
reaction. The procedure is shown schematically in Figure 2.3.  
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Figure 2.3: Schematic of procedure followed for investigation of cyanate 
ester hydrolysis 
The fractional weight gain after each measurement was calculated by the 
following equation: 
Fractional weight increase = ( ) iif www /−                               (2.1) 
where, iw  and fw  denote weight of initial dry sample and weight after exposure 
respectively. The fractional weight increase of samples will be used in calculations to 
determine the fractional conversion of hydrolysable bonds. 
 Two out of the five blocks’ samples were chosen and subjected to a different set 
of environmental conditions. The polymer resin block cured without catalyst and the one 
cured with 600 ppm Cu2+ catalyst were chosen for this part of the work. The samples 
were exposed to the vapor phase of KBr (potassium bromide) saturated salt solution at 
60°C. This has a relative humidity of 79.9%. The sample weights and spectra were
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recorded in a similar fashion as discussed in the previous procedure. These samples were 
also dried at 100°C in an oven and DMA was conducted to monitor Tg changes. 
 
2.2.4 Fourier Transform-Near Infrared Spectroscopy 
 Absorbance FT-NIR spectra were obtained using a Nicolet Nexus 670 FTIR 
spectrometer. FTIR was used to monitor changes in NIR spectra resulting from 
hydrolysis. The details of the peaks used in this study are given in Section 3.4.1 of 
Chapter 3. The instrument uses a Germanium/KBr beam splitter and a deuterated 
tryglycine sulfate (DTGS) detector. The instrumental parameters adopted for the spectral 
collection were as follows: resolution 8 cm-1, number of scans 32 and a spectral range of 
8000 – 4000 cm-1. 
 
2.2.5 Dynamic Mechanical Analysis 
 The glass transition temperature (Tg) of samples 17.6 mm long, 9 mm wide and 
1.5 mm thick was determined using a Dynamic Mechanical Analyzer (TA Instruments 
model DMA 2980) in single cantilever bending mode. Scanning temperature mode test 
were conducted from 30 to 400°C, with a heating rate of 2°C per min, an oscillating 
frequency of 1.0 Hz, and amplitude of 15µm.  
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CHAPTER 3: RESULTS AND DISCUSSION 
 
3.1 Introduction 
This chapter summarizes the results of the water conditioning study and the 
analysis performed to achieve the goals described in the previous chapter. In Section 3.2, 
a description of the proposed degradation reaction by hydrolysis is given. Section 3.3 
discusses the changes observed in weight of the samples over time. These weights of the 
samples are correlated to the formation of products from the hydrolysis reaction. The 
analysis of these data for determining the rate of reaction and diffusivity of water are also 
discussed in this section. 
NIR spectra of the conditioned samples are analyzed in Section 3.4 with regard to 
hydroxyl and water peaks. Two methods are proposed for the determination of fractional 
conversion of hydrolysable bonds. Calibration plots of phenol and bisphenol A are used 
in these methods. Fractional conversions obtained from the two methods are compared 
with one another and the reason for choosing one over the other for determining the 
kinetics is also discussed in this section. The water peak areas are calibrated to determine 
the diffusion coefficient of water in the polymer. The equation given by Shen and 
Springer has been used to model the diffusion process. The Damkohler number was 
calculated to understand the nature of the water uptake and hydrolysis process in our 
experiments; i.e. to determine if the process is reaction or diffusion limited. The results 
from DMA were analyzed to measure the changes in Tg of the polymer and these are 
discussed in Section 3.5. Section 3.6 discusses the relation between Tg and fractional 
conversion of hydrolysable bonds. Finally, Section 3.7 compares the fractional 
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conversions obtained only through weights and ones obtained through the weight-IR 
method. It discusses the limitations of using only weights in the determination of kinetics 
of the reaction. 
 
3.2 Degradation by hydrolysis reaction 
 The degradation of cyanate esters proceeds via hydrolysis of the ether oxygen 
bond between phenyl and triazine rings. Phenols, carbon dioxide and ammonia have been 
identified as the final hydrolysis products. Accordingly, a schematic representation for 
the degradation reaction was proposed by Macosko et al. [7] and is shown in Figure 3.1. 
 Studies have been conducted to identify the final degradation products, as phenol, 
carbon dioxide and ammonia [12,13], but there is no significant evidence of the 
formation of intermediate products. This study concentrates mainly on the formation of 
intermediate products i.e. cyanuric acid and a tri-phenolic compound. Cyanuric acid (s-
triazine-2, 4, 6-triol) exists as a tautomer (s-triazine-2, 4, 6-trione) and its tautomeric 
form is shown in Figure 3.2. With the help of FTIR we see evidence of the moieties 
associated with the intermediates. For several reasons the near infrared region (8000 – 
4000 cm-1) was used in our analysis instead of the traditional mid-infrared (MIR) region 
(4000 – 400 cm-1) for our analysis. Due to weak absorption, NIR light can be transmitted 
through thick samples, thus giving a better average measurement of the sample as a 
whole and allowing for easier sample handling and preparation as compared to MIR. 
Also, NIR shows distinct and characteristic sharp peaks for phenolic –OH and water 
separately as compared to MIR, which shows a broad peak for both together. 
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Figure 3.2: Tautomeric form of Cyanuric acid 
 
3.3 Weight gain analysis 
3.3.1 Characteristic weight gain plots 
A characteristic plot of weight gain data for experiments described in Section 2.2 
is given in Figure 3.3 for PRIMASET® PT-30 cured using 600 ppm Cu2+. The fractional 
weight change of the polymer sample at any given time is calculated using equation 2.1.  
The graph shows a compilation of weight gain data obtained for each sample. The 
error bars represent the standard deviations for the average of the samples tested. The 
number of samples weighed decreases as samples are removed and dried for further 
testing. The percentage weight change of the samples on drying is shown for each sample 
removed at a given time as indicated by the arrows. Thus for this set of data 6 samples 
were subjected to boiling water and removed at different times for drying and testing. 
We observe an initial rapid weight gain followed by a more gradual increase in 
weight over time that does not taper off but rather shows accelerating behavior at longer 
times. So the weight gain does not follow Fickian behavior. In Figure 3.3 a line was 
drawn through the dry weight values of samples removed during the experiment. Thus it
 16
 was found that the dry weight of the cyanate ester polymer increases with increased 
conditioning time in boiling water. These observations are consistent with weight gain 
associated with water sorption and weight gain resulting from the reaction of water with 
polymer to form hydrolysis products (phenolic –OH and cyanuric acid) as shown in 
Figure 3.1. The weight gain data for all polymer systems investigated is given in 
Appendix A.  
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Figure 3.3: Fractional change in weight of PRIMASET® PT-30 cured with 600 
ppm Cu2+ catalyst and conditioned in boiling water 
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3.3.2 Rate of reaction from dry weight gain 
 Plots of dry weight gain as a function of exposure time for all the polymer blocks 
evaluated are given in Figure 3.4. Assuming that our drying procedure removes 
practically all water, the increase in final dry weight of the polymer is directly related to 
the extent of hydrolysis.  Although the dry weight gain is expected for all systems, the 
weight gain trends with respect to polymer composition as shown here are counter 
intuitive; one would expect, as supported by the literature [1], that lower rates of 
hydrolysis should be observed for uncatalyzed systems. The data in Figure 3.4 show the 
opposite. The slope of dry weight versus time is directly proportional to the rate of 
hydrolysis. First order rate constants were obtained from the data in Figure 3.4 and are 
summarized in Table 3.1.  These data would suggest that the rate of hydrolysis decreases 
with increasing catalyst concentration, again an observation that does not follow known 
behavior.  The errors in these measurements will be discussed in later parts of this 
chapter. 
 18
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Figure 3.4: Final dry fractional increase in weight versus time of PRIMASET® 
PT-30 conditioned at; (  ) 100°C without catalyst; (  ) 100°C with 150 
ppm Cu2+ catalyst; (  ) 100°C with 300 ppm Cu2+ catalyst; (  ) 100°C 
with 600 ppm Cu2+ catalyst; (  ) 100°C with 562.5 ppm Sn2+ catalyst; 
(   ) 60°C with 600 ppm Cu+2 catalyst 
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Table 3.1 Reaction rates of different polymer blocks 
Sample type Reaction rate (sec-1) R2 
Non catalyst 7.3e-09 0.93 
150 ppm Cu2+ 6.4e-09 0.98 
300 ppm Cu2+ 5.3e-09 0.98 
600 ppm Cu2+ 4.6e-09 0.96 
562.5 ppm Sn2+ 3.9e-09 0.95 
60°C 600 ppm Cu2+ 1.3e-09 0.99 
 
3.3.3 Water diffusivity 
 To model water diffusion Fick’s law is commonly applied to simple single-free- 
phase diffusion. This law assumes that the water is driven to penetrate the material by the 
water concentration gradient dc/dx so that the water uptake as a function of time is given 
by: 
⎟⎠
⎞⎜⎝
⎛=∂
∂
dx
dcD
dx
d
t
c  
where D is the diffusion coefficient. This is considered to be constant in the direction of 
diffusion x so that the above equation can be written as  
 
2
2
dx
cdD
t
c =∂
∂
(3.1) 
(3.2) 
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The initial and final boundary conditions are given as:  
  x = 0;  c = co 
  t = 0;  c = 0 
  x = l;  
dx
dc  = 0 
  x = h;  c = c1 
where c is the concentration of water at any time, co is the initial concentration of water,  
c1 is the equilibrium concentration of water and l is the half thickness of the sample. The 
above diffusion equation was solved by Crank [15] and is given as 
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Π+Π+−+
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The total amount of diffusing substance Mt taken up by the sheet per unit area at time t is 
given by  
( )∫= ht dxtxCM
0
,  
 Combining equations 3.3 and 3.4 an integrating yields equation 3.5;viz, 
( ) ( ){ }∑
∞
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n
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A simplified solution provided by Shen and Springer [16] to the above equation is given 
as  
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−−=
∞
75.0
23.7exp1 h
Dt
M
M t  
l
x 
h 
(3.6) 
(3.3) 
(3.4) 
(3.5) 
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where M∞ is the mass of water absorbed at saturation and h is the thickness of an 
infinitely large slab/plate.  
 Equation 3.6 cannot be applied directly to the weight gain data obtained in our 
experiments since the weight gain we observe is due to both the sorption and reaction of 
water. However, it is possible to compute free water weight at any given time by 
subtracting the dry weight increase curve (resulting from reaction) from the total weight 
increase curve. The results of this procedure are shown in Figure 3.5. In this case a linear 
relation was fit to the dry weight gain curve and used to adjust all values of the total 
weight gain curve. The result is the presumed water concentration curve as shown in 
Figure 3.5a that shows Fickian behavior and is fit by Equation 3.6 using the program 
given in Appendix B to obtain values of Diffusivity (see Figure 3.5b). Note these data 
suggest that the investigated equilibrium water sorption values are not appreciably 
influenced by hydrolysis particularly during the early stages of conditioning. The curves 
for all samples are given in Appendix A. For prolonged periods of conditioning 
appreciable increases in equilibrium sorption values is observed. Values of diffusivity 
obtained in this manner are given in Table 3.2. The data shows that water diffusivity at 
100°C is between 2.4 e-06 cm2/sec and 4.2e-06 cm2/sec for all formulations, and that the 
diffusivity at 60°C is one order of magnitude lower (9.2e-07 cm2/sec). 
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Figure 3.5: (a) Top: Slope of final dry weight (bottom line) parallel to slope of 
water saturated weight (top line); (b) Bottom: Water diffusivity 
from the subtracted values 
D = 3.6e-06 cm2/sec 
 23
 
Table 3.2 Diffusivities of all sample types 
Sample type Diffusivity (cm2 / sec) 
Non catalyst 2.4e-06 
150 ppm Cu2+ 3.6e-06 
300 ppm Cu2+ 4.2e-06 
600 ppm Cu2+ 3.6e-06 
562.5 ppm Sn2+ 3.7e-06 
60°C 600 ppm Cu2+ 9.2e-07 
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3.4 IR analysis 
3.4.1 Characteristic NIR Spectra 
Figure 3.6 shows the spectra of a sample during different stages of water uptake. 
The bottom most spectral line corresponds to the polymer sample in its initial dry state 
just after cutting and sanding. A small peak in the range 7130 – 6800 cm-1 is observed 
which represents the phenolic –OH group [14]. The occurrence of this peak is attributable 
to the presence of small amount of moisture in the monomer before cure. This was 
observed in all the samples and was unavoidable. The characteristic peak of water in NIR 
is found at a wavenumber of 5240 cm-1 and this is observed as a very small peak in the 
initial dry sample spectrum. The top most spectrum represents the polymer in its water 
saturated state. A broad water peak is observed in this spectrum. The –OH region near 
7000 cm-1 broadens which could be due to hydrogen bonding in the presence of moisture. 
The central spectrum is of the polymer in its final dried state i.e. heating and drying the 
polymer resin after water treatment. A distinct increase in peak area in the range 7130 – 
6800 cm-1 is observed corresponding to the formation of phenolic –OH groups. This 
confirms the degradation of the polymer network to form one of the intermediate 
products which is a phenolic compound. An increase in peak area in the range 6700 – 
6300 cm-1 is also observed. This region corresponds to the acidic –OH group which could 
be due to the formation of a cyanuric acid type compound. Another region where a 
distinct change was observed is between 5150 – 4900 cm-1. The sharp peak at 4990 cm-1 
could be attributed to hydroxyl bond/stretch [14]. Two more peaks in this region which 
are observed as shoulders are also formed. These peaks were also observed in bisphenol-
A (BPA) spectrum which is shown in the later part of this chapter (Figure 3.8). Since
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 BPA also has a phenolic –OH end group, we can say that the peaks in the range 5150 – 
4900 cm-1 in the polymer could correspond to the hydroxyl bond. Another common peak 
at 5970 cm-1 is observed in all the samples. This peak is attributed to the aromatic 
benzene ring [14]. Since the concentration of aromatic rings does not change with time, it 
is used to normalize the hydroxyl peak area. The observations obtained through NIR are 
consistent with the degradation of the polymer by the hydrolytic scheme given in Figure 
3.1. 
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Figure 3.6: N-IR absorption spectra for PRIMASET® PT-30 cured with 600 
ppm Cu2+ catalyst.  As prepared initial state (bottom spectrum), 
conditioned in boiling water (top spectrum) and dried after 
conditioning (middle spectrum) 
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3.4.2 Hydroxyl and water content 
Figure 3.7 shows a characteristic plot of change of hydroxyl peak area with time 
after conditioning in water [top curve]. The phenolic –OH peak is not distinctly clear 
during water uptake and only a broad peak from 7130 – 6250 cm-1 can be observed. As 
explained earlier this is due to the presence of moisture. Hence the entire area is taken 
into account for this plot. On drying the sample, this peak becomes clear and only 
phenolic –OH peak area is taken into account. The presence of water could be a reason 
for the stabilization of the –OH peak in the plot. A sudden rise in area is noticed after 
around 800 hours of moisture conditioning. There could be several factors contributing to 
this change. Firstly, the samples start blistering around this time because of the increased 
size and concentration of flaws caused by polymer network degradation and lowering of 
Tg. If the IR beam passes through one of these blistered sites containing water the 
spectrum shows more pronounced peaks. Another reason that could explain the effect is 
an accelerated reaction rate.  
A curve for samples dried following water exposure is also shown in the plot 
[bottom curve]. There is a steady increase in the final area of phenolic –OH for each of 
them. This increase in area can be used to determine the fractional conversion of 
hydrolysable bonds in the system and in turn can be used to obtain the rate of hydrolysis 
reaction. Only the phenolic –OH peak areas are considered for hydroxyl concentration 
determination and not the acidic –OH peak areas because the calibration of acidic –OH 
peaks was not possible by any compound (even by cyanuric acid), while the phenolic –
OH peak areas could be calibrated using BPA/Phenol as will be discussed later. The
 27
 determination of hydroxyl concentration and the different methods proposed for its 
calculation will be discussed in the later sections of this chapter. 
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Figure 3.7: Change in hydroxyl peak area of PRIMASET® PT-30 cured with 
600 ppm Cu2+ catalyst and conditioned in boiling water  
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NIR spectroscopy was also used to measure water uptake during conditioning and 
water loss upon drying. Figure 3.8 shows a plot of water peak area versus time for a 
series of conditioning experiments. As observed in the previous plot (Figure 3.7) there is 
a disproportionate increase in absorbance after 800 hours. This again could be due to 
blistering of the sample. Up to 800 hours, it can be concluded that water concentration 
reaches an equilibrium value within the first 100 hours and that after this it remains 
constant. The plot also shows that our drying schedule is very effective as water 
absorbance falls practically to 0 in all cases. 
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Figure 3.8: Change in water peak area of PRIMASET® PT-30 cured with 
600 ppm Cu2+ catalyst and conditioned in boiling water  
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3.4.3 Fractional conversion of hydrolysable bonds 
 The final dry -OH characteristic peak areas from plots similar to Figure 3.7 have 
been used to determine the fractional conversion of hydrolysable bonds. Two different 
methods were proposed for its calculation. They are the BPA/Phenol method and 
fractional weight-IR method. 
 
3.4.3.1 The BPA/Phenol method 
Since BPA and phenol possess the same type of phenolic –OH moieties as the 
hydrolyzed cyanate ester, they have been used for the calibration of our IR data. BPA 
with an assay of 97% and Phenol with an assay of +99% were obtained from Sigma 
Aldrich and used as received. Figure 3.9 shows the structures of both these compounds.  
 
                                              
         Bisphenol A                                                                              Phenol 
Figure 3.9: Chemical structures of bisphenol-A and phenol 
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Preparation of BPA/Phenol samples for calibration: BPA is obtained in the form of 
crystals and needs to be converted to its amorphous state in order to obtain the required 
spectrum. Figure 3.10 (a) shows IR spectra of amorphous and crystalline BPA. We do 
not see characteristic peaks of BPA in crystalline state because the end functional groups 
tend to align in an ordered manner thereby not allowing bond vibration or stretching to 
occur. Hence in order to obtain a spectrum of amorphous BPA, the crystals were heated 
to around 2 – 3°C above their melting point in 3mm thick (outer diameter) glass vials. 
But molten BPA also does not show any characteristic peaks for unknown reasons. Also 
it crystallized quickly after melting and therefore created a problem for recording its 
spectra. To overcome this problem, liquid/molten BPA in vials was quenched in liquid 
nitrogen to convert it into its amorphous solid state. This produced distinct and 
characteristic peaks of BPA. As observed in the polymer, some peaks in the region 5150 
– 4900 cm-1 also appeared. This region is circled in red in Figure 3.10 (a).  But, we do 
not use these peaks in our study because they overlap forming a broad peak with two 
shoulders. The phenolic –OH peak is clear and distinct and hence is used for calibration. 
Apart from being mentioned in literature, in order to verify if the peak at 6980 cm-1 from 
BPA is actually phenolic –OH, it is compared with molten phenol. Phenol is also 
obtained in crystalline form and needs to be converted to its amorphous state in order to 
obtain its spectrum.  
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Figure 3.10: (a) Top: IR spectra showing the comparison of crystalline and 
amorphous states of BPA; (b) Bottom: IR spectrum of Phenol 
Phenolic –OH 
Crystalline BPA 
Amorphous BPA 
 32
Similarly to BPA, crystals of phenol were taken in glass vials and heated to 2 - 3°C above 
its melting point. Molten phenol was then taken and its spectra recorded. Phenol also 
showed a characteristic peak at 6980 cm-1 thereby corroborating our assertion that 
phenolic –OH absorption appears at that wavenumber. Figure 3.10 (b) shows the IR 
spectrum of phenol.  
 
Calibration and calculation: The phenolic –OH peak was normalized by dividing its area 
by the aromatic peak area at 5980 cm-1. The aromatic peak was used for normalization 
because the aromatic ring concentration remains constant during the entire reaction 
process. The calibration plots from BPA/Phenol included only two points. The 
assumption made in this regard was that the compounds were 100% amorphous when 
their spectra were recorded. Hence, the sample with the highest hydroxyl to aromatic 
peak area ratio was chosen from both of them. Interestingly the ratios were close in value 
for the two compounds, about 0.96. The fractional conversions were then calculated 
using equation 3.7.  
 
Fractional conversion of hydrolysable –OH bonds 
                  ( )ArOH sample peak area 
            ( )ArOH BPA/Phenol peak area 
 
The disadvantage of this method is the use of only one calibration point.  
 
= (3.7) 
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3.4.3.2 The weight-IR method 
 This method makes use of both the physical weight of the sample and the change 
in phenolic hydroxyl peak area from IR. Figure 3.11 shows a calibration plot between 
fractional weight change of the polymer and change in hydroxyl peak area (which is the 
difference between final peak area and initial peak area of that particular sample). The 
plot includes values from all the samples. A linear best fit curve is drawn and the slope is 
noted which has an R2 value of 0.8052. The slope of the line gives us the average 
fractional increase in weight of each sample corresponding to its hydroxyl peak area 
increase – note that path length is always constant for these experiments. This ratio is 
given as  
   
                                                                                                     
            
 
The value of this ratio was calculated to be 0.00149. This ratio is then multiplied with the 
absolute final phenolic hydroxyl area of each dry sample. This gives the fractional 
increase in weight of the sample corresponding to that particular area. Since we have 
already shown that the increase in dry weight of the sample is due to the addition of 
hydroxyl functional groups, the above calculation gives us the hydroxyl content in each 
sample. But this value does not give the fractional conversion of bonds that can be 
hydrolyzed. The cyanurate polymer (Figure 2.2) with degree of polymerization 1 has a 
molecular weight of 381.39 and contains three hydrolysable bonds. On hydrolysis each 
mole of this repeat unit would add the weight of three moles of water. This is so because 
for every phenolic hydroxyl group formed one acidic hydroxyl is also added as shown in 
Fractional increase in weight 
Increase in peak area 
Slope = (3.8) 
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Figure 3.1. Therefore, assuming hydrolysis products do not leach out, the maximum 
fractional weight increase would be 3 × 18/381.39 and the fractional conversion of 
hydrolysable bonds can be calculated as follows.  
 
 
 
The advantage of this method is that we obtain the fractional conversions by using 
combined weight and IR data as compared to the previous method which makes use of 
only IR data. Also the calibration plot consists of several points as compared to only one 
point in the previous method. Figure 3.12 shows a plot which compares the fractional 
conversions derived from both the methods. As expected the plot is a straight line which 
tells us that the methods correlate well with each other. Another interesting observation 
that can be made from the plot is that the fractional conversion values from the first 
method are approximately twice the values obtained from the second method. The reason 
for this is unclear but is probably a result of not obtaining the maximum value of phenolic 
-OH absorbance for the reference materials because of partial crystallization. The values 
from the second method and not the first are used for the calculation of rate constants of 
different polymeric blocks because this method provides a direct relationship between the 
weight gain and the IR data over many test points.    
Fractional conversion of 
hydrolysable bonds = 
Slope of plot × Absolute phenolic –OH area at each point 
3 × 18 / 381.39 
(3.9) 
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peak area (d area) used for the calculation of fractional 
conversion of hydrolysable bonds 
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3.4.4 Kinetics of hydrolysis 
 The fractional conversions obtained from the weight-IR method of the previous 
section are used in the calculation of the rate constants. The hydrolysis reaction is given 
as  
[-O-]h + H2O         catalyst                [OH]ph + [OH]acidic 
where [-O-]h is the concentration of hydrolysable bonds and [OH]ph and [OH]acidic are the 
concentrations of phenolic –OH and acidic –OH groups formed. The rate equation for the 
hydrolysis reaction can be written as 
               h
h OOHk
dt
Od ][][][ 2 −−××=−−−  
On integrating and solving the above equation, we get our expression as  
      tkO h
×=⎟⎟⎠
⎞
⎜⎜⎝
⎛
−−
'
][
1ln     
where 'k  is a pseudo first order rate constant whose units are sec-1, and which is equal to 
][ 2OHk × . We assume our reaction to be a pseudo first order reaction because the 
concentration of water is constant (from Figure 3.8) as compared to the concentration of 
hydrolysable bonds. Using equation 3.11 we draw a plot of ln(1/[-O-]) versus time and 
the slope of line gives us the rate constant. Figure 3.13 shows a plot of one of the 
polymers tested. The values of the rate constant are summarized in Table 3.3. The rate 
constants for the degradation of polymer with different concentrations of copper catalysts 
are almost the same and do not show much variation. But on changing the catalyst type 
we do observe a change in rate by an order of magnitude. This tells us that the rate is less 
(3.10)
(3.11) 
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dependent on catalystconcentration than on type of catalyst used. Also DBTDL proves to 
be a better catalyst than copper naphthenate in limiting the hydrolysis reaction. 
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Figure 3.13: Rate constant of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst and conditioned in boiling water 
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3.4.5 Diffusion modeling 
 Fick’s law of diffusion is applied to model the diffusion process. From fractional 
weight gain values we notice that saturation is achieved within 48 hours of the samples 
being immersed in boiling water. The fractional increase in weight of the samples is only 
due to the presence of water in this short time period and hence can be directly 
considered as the concentration of water. A calibration plot between the water peak areas 
from IR and the corresponding fractional increase in weights of all polymer samples is 
plotted in Figure 3.14. The slope of the plot gives us the ratio between absorbance 
(measured as an integral of the peak) and concentration. A value proportional to the 
molar absorptivity of water is determined using Beer-Lambert’s Law. This ratio when 
divided by the thickness of the sample (1.5 mm) gives us the molar absorptivity of water 
in our samples which was calculated to be 1.63 x 103 (mm mole)-1. This value was used 
to calculate the concentration of water at all times for all the samples using equation 3.12 
with units corresponding to the above values. The diffusivity of water in different 
polymer blocks is calculated from these concentration values using a FORTRAN 
program given in APPENDIX B and the diffusivity values are summarized in Table 3.3. 
 
Concentration of water =       
 
 In order to understand the limiting condition of the process we need to calculate 
the Damkohler number (Da). It is a ratio between the characteristic time for diffusion and 
the characteristic time for reaction and physically represents the relative importance of 
Peak area 
(1.63 x 103 × 1.5) 
(3.12) 
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reaction and diffusion phenomena in the system. It is a dimensionless number and is 
given by equation 3.13, viz; 
D
lkDa
2' ×=  
where l is the half thickness of the sample in (cm) and 'k  and D  are the rate constant 
(sec-1) and water diffusivity (cm2/sec) values. The calculated Damkohler numbers for all 
the samples are summarized in Table 3.3. From our calculations we notice that this 
number is very much less than one (Da << 1), which tells us that the characteristic time 
for diffusion is much less than that of reaction. Therefore we can say that the degradation 
process is reaction limited and our kinetic analysis does not need to consider 
concentration gradients.   
 
Table 3.3 Values of rate constant, water diffusivity and Damkohler number (all 
100°C boiling water and Cu++ catalyzed except as noted) 
 
Sample 
Type 
'k (sec-1) D (cm2/sec) Da 
NC 7.0e-08 1.7e-6 2.3e-04 
150 ppm 1.5e-07 2.1e-06 3.9e-04 
300 ppm 1.7e-07 2.5e-06 3.9e-04 
600 ppm 1.3e-07 2.4e-06 2.9e-04 
DBTDL 2.3e-08 2.7e-06 4.7e-05 
60°C  79.9%R.H 
600 ppm 2.5e-08 6.3e-07 2.9e-04 
(3.13) 
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Figure 3.14: Calibration plot to determine the molar absorptivity of water 
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3.5 DMA Analysis 
 Dynamic Mechanical Analysis is a technique used to study and characterize 
thermomechanical properties of materials. In this study it was used to determine the glass 
transition temperature (Tg) which is one of the most important and representative 
parameters of the chemical and physical properties of the crosslinked polymer matrix. Tg 
can be correlated to the mechanical properties of a composite material, to the chemical 
structure of its matrix and to the materials’ performance under specific environmental 
conditions. The change in Tg’s of the samples which were exposed to different 
environmental conditions and for various periods of time are shown in Figure 3.15. The 
corresponding DMA plots are given in Appendix C. The polymer samples conditioned in 
boiling water show a very high decrease in Tg. Before running the DMA, the samples 
were dried for around 120 hours at 100°C to ensure removal of moisture in the samples. 
Hence such a loss in Tg could only mean that a chain scission reaction must have 
occurred. Since the hydrolysis reaction takes place due to breakage of –O– bonds to form 
–OH groups we can say that the reaction is an irreversible chain scission reaction. Shimp 
et al. mentioned that cyanate esters when conditioned in water at 100°C only plasticize 
and that the plasticization is reversible over extended periods of conditioning [10]. 
Moreover it was stated that the Tg is recoverable after conditioning the polymer to more 
than 500 hours. This behavior was not observed in our experiments; on the contrary, the 
Tg could not be recovered. Another observation in the plot is the trend with catalyst 
concentration. Different concentrations of the same catalyst did not show a discernable 
trend in Tg depression. But the type of catalyst did show a different rate of change. This 
suggests that the Tg depends strongly on the type of catalyst but not on different 
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concentrations of the same catalyst. The polymer also showed a lesser decrease in Tg 
without a catalyst as compared to the one with copper. The samples conditioned at 60°C 
and 79.9% relative humidity showed a very low decrease in Tg. The explanation for the 
step decrease in Tg of the samples at 60°C with 600ppm copper catalyst is not known and 
could be due to experimentation error. The Tg is consistent with conversion data.  
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Figure 3.15: Tg trend of PRIMASET® PT-30 with time conditioned at; (    ) 
60°C without catalyst; (    ) 60°C with 600 ppm Cu2+; (   ) 100°C 
with 562.5 ppm DBTDL; (   ) 100°C without catalyst; (    ) 100°C 
with 150 ppm Cu2+; (    ) 100°C with 300 ppm Cu+2; (   ) 100°C 
with 600 ppm Cu+2 
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3.6 Relation between Tg and fractional conversion 
 Figure 3.16 shows a plot between Tg and fractional conversions obtained using 
the weight-IR method. Macosko et al. derived the kinetics of the hydrolysis reaction by 
using the Tg values directly. The assumption made in his case was that the Tg values are 
directly proportional to the concentration of imidocarbonic ester bonds. But our results 
show a linear trend only initially and not for the entire process. This reveals that the 
assumption made by Macosko is not valid over a wide range of compositions and that the 
kinetics derived using this assumption would be off to some extent. The decreasing Tg 
values show a flattening trend at higher fractional conversions as well as an insensitivity 
at low values of conversion. It should be noted that the samples started blistering at 
higher conversions which makes it difficult to obtain Tg’s at this state. All samples show 
significant initial conversion of bonds related to the initial cure of the material so the plot 
does not start from zero. Thus the theoretical Tg be higher than the observed 400°C.          
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Figure 3.16: Onset of Tg peak as a function of fractional conversion of 
hydrolysable bonds 
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3.7 Comparison of fractional conversions from the weight and weight-IR analysis 
 The problem observed regarding reverse trends that were observed from the 
fractional increase in dry weights of the samples was overcome by using weight and IR 
data together. Figure 3.17 compares the plots of both types of data. It can be seen that the 
fractional conversions from the weight-IR method follow the expected trend. This shows 
that there is error associated with the dry weights and particularly initial weights. This 
error appears to be overcome using the weight-IR method that employs the linear 
relationship between weight changes and change in hydroxyl peak areas. This way the 
initial weights of the samples are not taken into account. The difference in both these 
methods is also shown by making use of Tg values. Figure 3.18 shows a plot of Tg versus 
fractional conversions using both methods. The plot using fractional conversion derived 
from weight gain data shows significant scatter whereas the plot based on weight-IR 
derived conversion collapses all experimental values onto one curve. The points show 
more scatter in the first plot because of error in the dry weights of the samples. Therefore, 
dry weight measurements were not used directly for the determination of hydrolysis 
kinetics. 
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Figure 3.17: Fractional conversion of hydrolysable bonds of PRIMASET® PT-
30 conditioned at; (  ) 100°C without catalyst; (  ) 100°C with 150 
ppm Cu2+ catalyst; (  ) 100°C with 300 ppm Cu2+ catalyst; (  ) 100°C 
with 600 ppm Cu2+ catalyst; (  ) 100°C with 562.5 ppm Sn2+ catalyst; 
(   ) 60°C with 600 ppm Cu+2 catalyst; 
Top: Fractional conversion values from final dry weights 
Bottom: Fractional conversion values from weight-IR method 
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Figure 3.18: Onset of Tg peaks as a function of fractional conversion of 
hydrolysable bonds; Top: Fractional conversions obtained only 
from dry weights; Bottom: Fractional conversions obtained 
using weight and IR data together  
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CHAPTER 4: SUMMARY AND CONCLUSIONS  
 
4.1 Conclusions 
 A principal goal of this work was to determine the kinetics of cyanate ester 
hydrolysis which results in the degradation of this type of polymer. The type of cyanate 
ester chosen for this study was oligo (3-methylene-1, 5-phenylenecyanate) or 
PRIMASET® PT-30, which possesses a high Tg compared to the remaining class of 
cyanate esters. Water uptake studies complemented by NIR spectroscopic measurements 
were used to develop a robust technique for evaluating the degree of conversion of 
hydrolysable bonds. The increase in weight of the polymer sample and the corresponding 
increase in the hydroxyl peak area in associated spectra confirmed the formation of 
hydrolysis intermediate products namely mono-, di- and tri-phenolic compounds and 
cyanuric acid.  The technique was applied to polycyanurate networks cured with different 
amounts of catalyst as well as different types of catalyst.   
Kinetic rate constants for a pseudo first order kinetic model of hydrolysis were 
computed. Additionally, values of water diffusivity were calculated for the conditions 
investigated using weight gain methods as well as spectroscopic measurements. 
Generally diffusivity was found to be independent of the method of cure (catalyst and 
catalyst concentration) while it was found to be, as expected, very sensitive to 
environmental conditions. The rate of hydrolysis was found to be greatly dependent on 
catalyst type and environmental conditions but not so much on catalyst concentration. A 
summary of the diffusivity and rate constant values is given in Table 3.3. Additionally, 
the Damkohler number has been calculated for these experiments and it was found that 
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Da << 1 in all cases investigated. Hence for our geometry, size, and environmental 
conditions the characteristic time for diffusion is much less than that of reaction. So we 
conclude that the degradation process is reaction limited and our kinetic analysis does not 
need to consider concentration gradients.   
 Another goal of this project was to evaluate the change in mechanical properties 
of the resin due to hydrolytic degradation. Degradation of the sample was found to have a 
serious effect on the Tg of the crosslinked network, reducing it to one-third the original 
value after 1200 hours of conditioning in boiling water. The reduction of Tg was not 
found to be reversible as suggested and reported by others [10]. In fact the decrease in Tg 
correlates very well with fractional conversion of hydrolysable bonds. The relationship 
was not found to be linear as has been assumed by some researchers to measure 
degradation kinetics directly from Tg losses [7]. At higher conversion the rate of Tg 
depression with respect to hydrolysable bond conversion decreases substantially. This is 
consistent with Tg build-up in step growth polymerization. 
This work has linked moisture conditioning time to chemical decomposition and 
Tg for a particular cyanate ester resin system exposed primarily to moisture at 100°C. The 
robust technique developed in this work can be applied to any other cyanate ester system 
and for a variety of exposure conditions. Future work should concentrate on evaluating 
the effect of lower temperature saturated vapor environments using either salt solutions or 
mechanical environmental chambers, since such environments may be more 
representative of fielded systems. Moreover, the kinetic data obtained by such 
experiments could be used to develop accurate models capable of predicting degradation 
of polycyanurate networks under cyclic environmental loading. 
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APPENDIX A: ADDITIONAL FIGURES 
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Figure A.1: Fractional change in weight of PRIMASET® PT-30 cured 
without catalyst and conditioned at 100°C 
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Figure A.2: Change in hydroxyl peak area of PRIMASET® PT-30 cured 
without catalyst and conditioned at 100°C 
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Figure A.3: Change in water peak area of PRIMASET® PT-30 cured 
without catalyst and conditioned at 100°C 
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Figure A.4: Rate constant of PRIMASET® PT-30 cured without catalyst and 
conditioned at 100°C 
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Figure A.5: Diffusivity of PRIMASET® PT-30 cured without catalyst and 
conditioned at 100°C 
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Figure A.6: Diffusivity (Weight-IR method) of PRIMASET® PT-30 cured 
without catalyst and conditioned at 100°C 
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Figure A.7: Fractional change in weight of PRIMASET® PT-30 cured with 
150 ppm Cu2+ catalyst and conditioned at 100°C 
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Figure A.8: Change in hydroxyl peak area of PRIMASET® PT-30 cured 
with 150 ppm Cu2+ catalyst and conditioned at 100°C 
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Figure A.9: Change in water peak area of PRIMASET® PT-30 cured with 
150 ppm Cu2+ catalyst and conditioned at 100°C 
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Figure A.10: Rate constant of PRIMASET® PT-30 cured with 150 ppm Cu2+ 
catalyst and conditioned at 100°C 
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Figure A.11: Diffusivity of PRIMASET® PT-30 cured with 150 ppm Cu2+ 
catalyst and conditioned at 100°C 
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Figure A.12: Diffusivity (Weight-IR method) of PRIMASET® PT-30 cured 
with 150 ppm Cu2+ catalyst and conditioned at 100°C 
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Figure A.13: Fractional change in weight of PRIMASET® PT-30 cured with 
300 ppm Cu2+ catalyst and conditioned at 100°C 
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Figure A.14: Change in hydroxyl peak area of PRIMASET® PT-30 cured 
with 300 ppm Cu2+ catalyst and conditioned at 100°C 
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Figure A.15: Change in water peak area of PRIMASET® PT-30 cured with 
300 ppm Cu2+ catalyst and conditioned at 100°C 
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Figure A.16: Rate constant of PRIMASET® PT-30 cured with 300 ppm Cu2+ 
catalyst and conditioned at 100°C 
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Figure A.17: Diffusivity of PRIMASET® PT-30 cured with 300 ppm Cu2+ 
catalyst and conditioned at 100°C 
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Figure A.18: Diffusivity (Weight-IR method) of PRIMASET® PT-30 cured 
with 300 ppm Cu2+ catalyst and conditioned at 100°C 
 61
 
-0.02
0
0.02
0.04
0.06
0.08
0.1
-200 0 200 400 600 800 1000 1200 1400
Fr
ac
tio
na
l c
ha
ng
e 
in
 w
ei
gh
t
Time (hours)  
 
Figure A.19: Fractional change in weight of PRIMASET® PT-30 cured with 
562.5 ppm Sn2+ catalyst and conditioned at 100°C 
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Figure A.20: Change in hydroxyl peak area of PRIMASET® PT-30 cured 
with 562.5 ppm Sn2+ catalyst and conditioned at 100°C 
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Figure A.21: Change in water peak area of PRIMASET® PT-30 cured with 
562.5 ppm Sn2+ catalyst and conditioned at 100°C 
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Figure A.22: Rate constant of PRIMASET® PT-30 cured with 562.5 ppm 
Sn2+ catalyst and conditioned at 100°C 
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Figure A.23: Diffusivity of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst and conditioned at 100°C 
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Figure A.24: Diffusivity (Weight-IR method) of PRIMASET® PT-30 cured 
with 562.5 ppm Sn2+ catalyst and conditioned at 100°C 
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Figure A.25: Fractional change in weight of PRIMASET® PT-30 cured with 
600 ppm Cu2+ catalyst, moisture conditioned at 60°C and dried 
at 100°C 
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Figure A.26: Change in hydroxyl peak area of PRIMASET® PT-30 cured 
with 600 ppm Cu2+ catalyst, moisture conditioned at 60°C and 
dried at 100°C 
 65
 
0
20
40
60
80
100
120
140
-200 0 200 400 600 800 1000 1200
H
2O
 p
ea
k 
ar
ea
Time (hours)  
 
Figure A.27: Change in water peak area of PRIMASET® PT-30 cured with 
600 ppm Cu2+ catalyst, moisture conditioned at 60°C and dried 
at 100°C 
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Figure A.28: Rate constant of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst, moisture conditioned at 60°C and dried at 100°C 
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Figure A.29: Diffusivity of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst, moisture conditioned at 60°C and dried at 100°C 
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Figure A.30: Diffusivity (Weight-IR method) of PRIMASET® PT-30 cured 
with 600 ppm Cu2+ catalyst, moisture conditioned at 60°C and 
dried at 100°C 
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Figure A.31: Diffusivity (Weight-IR method) of PRIMASET® PT-30 cured 
with 600 ppm Cu2+ catalyst and conditioned at 100°C 
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APPENDIX B: FORTRAN Program for calculating Diffusivity values 
 
Program Diffusivity 
implicit none 
 
       integer i, k 
    
       parameter (k=n-1) 
 
** n = number of values considered for the model ** 
  
       double precision A(0:k), E(0:k), t(0:k) 
       double precision d, oldd, step, h 
  double precision Error, LastError 
  
       do 70 i = 0, k  
    A(i) = 0.0D1 
    E(i) = 0.0D1 
         t(i) = 0.0D1 
70 continue 
              LastError = 1.0D21 
   oldd = 0.0D1 
  
   write (*,*) 'Enter sample thickness in (cm):' 
        read  (*,*) h 
   write (*,*) 'Enter d in (cm^2/sec):' 
        read  (*,*) d 
   write (*,*) 'Enter step:' 
        read  (*,*) step 
 
c     Open data files 
 
  open (1, FILE='B.txt') 
  open (2, FILE='C.dat')  
 
c     Start Reading Loop and read E and te   
  i = 0 
        do 10 i = 0, k 
 
                read (1,*) t(i), E(i) 
    
10   continue 
100 i = 0 
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  Error = 0.0D1 
        do 30 i = 0, k 
 
         A(i) = 1.0D0-exp(-7.3D0 * ((d*t(i)/h*h)**0.75)) 
    Error = Error + (Abs(A(i))-Abs(E(i)))*(Abs(A(i))-Abs(E(i))) 
   write (*,*) t(i), A(i), Error 
30    continue   
 
   IF (Error .LE. LastError) THEN  
                
                LastError = Error 
                oldd = d 
     d = d + step 
     goto 100 
   END IF 
 
   write(*,*) 'd =',oldd 
   write(2,*) 'd Error step k' 
   write(2,900) oldd,LastError,step,k+1 
900   format (E11.4,1x,F11.6,1x,E9.2,1x,I4)  
   write(2,*) 'time Analytical Experimental' 
  i=0 
   do 50 i = 0, k 
  
  A(i) = 1.0D0-exp(-7.3D0 * ((d*t(i)/h*h)**0.75)) 
 
  write(2,*) t(i), A(i), E(i) 
 
50   continue 
 
   close (1) 
   close (2) 
 
9999     end 
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APPENDIX C: DMA Plots 
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Figure C.1: DMA plot of PRIMASET® PT-30 cured with 150 ppm Cu2+ catalyst 
 
 
 
0
1000
2000
3000
4000
5000
0
50
100
150
200
250
300
0 50 100 150 200 250 300
St
or
ag
e 
M
od
ul
us
 (M
Pa
) Loss M
odulus (M
Pa)
Temperature ( oC)  
 
Figure C.2: DMA plot of PRIMASET® PT-30 cured with 150 ppm Cu2+ catalyst 
and conditioned at 100°C for 291 hours 
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Figure C.3: DMA plot of PRIMASET® PT-30 cured with 150 ppm Cu2+ catalyst 
and conditioned at 100°C for 461 hours 
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Figure C.4: DMA plot of PRIMASET® PT-30 cured with 150 ppm Cu2+ catalyst 
and conditioned at 100°C for 626 hours 
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Figure C.5: DMA plot of PRIMASET® PT-30 cured with 150 ppm Cu2+ catalyst 
and conditioned at 100°C for 796 hours 
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Figure C.6: DMA plot of PRIMASET® PT-30 cured with 300 ppm Cu2+ catalyst  
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Figure C.7: DMA plot of PRIMASET® PT-30 cured with 300 ppm Cu2+ catalyst 
and conditioned at 100°C for 261 hours 
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Figure C.8: DMA plot of PRIMASET® PT-30 cured with 300 ppm Cu2+ catalyst 
and conditioned at 100°C for 451 hours 
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Figure C.9: DMA plot of PRIMASET® PT-30 cured with 300 ppm Cu2+ catalyst 
and conditioned at 100°C for 619 hours 
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Figure C.10: DMA plot of PRIMASET® PT-30 cured with 300 ppm Cu2+ 
catalyst and conditioned at 100°C for 785 hours 
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Figure C.11: DMA plot of PRIMASET® PT-30 cured with 300 ppm Cu2+ 
catalyst and conditioned at 100°C for 931 hours 
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Figure C.12: DMA plot of PRIMASET® PT-30 cured with 300 ppm Cu2+ 
catalyst and conditioned at 100°C for 1147 hours 
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Figure C.13: DMA plot of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst 
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Figure C.14: DMA plot of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst and conditioned at 100°C for 268 hours 
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Figure C.15: DMA plot of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst and conditioned at 100°C for 431 hours 
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Figure C.16: DMA plot of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst and conditioned at 100°C for 634 hours 
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Figure C.17: DMA plot of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst and conditioned at 100°C for 803 hours 
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Figure C.18: DMA plot of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst and conditioned at 100°C for 968 hours 
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Figure C.19: DMA plot of PRIMASET® PT-30 cured with 600 ppm Cu2+ 
catalyst and conditioned at 100°C for 1129 hours 
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Figure C.20: DMA plot of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst 
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Figure C.21: DMA plot of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst and conditioned at 100°C for 324 hours 
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Figure C.22: DMA plot of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst and conditioned at 100°C for 497 hours 
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Figure C.23: DMA plot of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst and conditioned at 100°C for 662 hours 
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Figure C.24: DMA plot of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst and conditioned at 100°C for 883 hours 
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Figure C.25: DMA plot of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst and conditioned at 100°C for 1034 hours 
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Figure C.26: DMA plot of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst and conditioned at 100°C for 1222 hours 
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Figure C.27: DMA plot of PRIMASET® PT-30 cured with 562.5 ppm Sn2+ 
catalyst and conditioned at 100°C for 1356 hours 
 
 
 
 
0
500
1000
1500
2000
2500
3000
3500
4000
20
40
60
80
100
120
140
160
0 100 200 300 400 500
St
or
ag
e 
M
od
ul
us
 (M
Pa
) Loss M
odulus (M
Pa)
Temperature ( oC)  
 
Figure C.28: DMA plot of PRIMASET® PT-30 cured without catalyst 
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Figure C.29: DMA plot of PRIMASET® PT-30 cured without catalyst and 
conditioned at 100°C for 288 hours 
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Figure C.30: DMA plot of PRIMASET® PT-30 cured without catalyst and 
conditioned at 100°C for 457 hours 
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Figure C.31: DMA plot of PRIMASET® PT-30 cured without catalyst and 
conditioned at 100°C for 624 hours 
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Figure C.32: DMA plot of PRIMASET® PT-30 cured without catalyst and 
conditioned at 100°C for 793 hours 
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Figure C.33: DMA plot of PRIMASET® PT-30 cured without catalyst and 
conditioned at 100°C for 1016 hours 
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Figure C.34: DMA plot of PRIMASET® PT-30 cured without catalyst and 
conditioned at 100°C for 1249 hours 
